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systems.  Such  systems  are  very  attractive 
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INTRODUCTION 


a bandwidth 


with  a bandwidth 


diffueion- 
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Elocto-optic  ooeff . 


speed  modulation  since  it  is  diffieult  to  omploy  traveling-* 


length.  Specifically. 


the  device  length  varies  exponentially  with  the  channel  gap.  Ihe  applied 
voltage  is  also  related  to  the  electro-optic  coefficient  of  the  material, 
the  overlap  betweon  the  optical  and  modulating  RF  fields,  tho  channel  width 
and  channel  gap.  He  extinction  ratio  is  a function  of  the  given  channel 


normal  mode  approach  is  used  to  calculate  the  coupling  length  of  e 
directional  coupler  with  a graded-index  profile.  This  semi-analytical 


technique  involve,  the  separation  of  e 2-D  differentiel  equntion  into  t«o  1- 
» differentiel  equntion,.  This  nllow,  u,  to  perform  the  ennly.i,  rather 
easily  using  a small  desktop  computer. 

In  chapter  4.  the  graded-inder  waveguides  are  modelled  to  obtain  the 
refractive  indei  di.tribntion  profile  for  the  qu..i-H!  mode.  The  modeling 
ia  divided  into  Wo  c.se.:  the  finite  diffn.ant  source  ease  and  the  infinite 
diffusant  source  case.  A 2-D  nonuniform  FDM  was  developed  for  an  efficient 

In  chapter  5.  the  conformal  mapping  technique  is  used  for  the  analysis  of 
various  electrode  structures  including  the  coplanar  strip  (CS)  and  the 


complementary  coplanar  strip  (CCS).  Using  this  technique,  the  optimal 
positions  of  electrodes  in  relation  to  those  of  vaveguides  are  determined. 


f anisotropic  material. 


In  chapter  6.  the  coupled  mode  theory  is  used  to  analyse  the  behavior  of 
a precisely  normalized  form.  It  is  shown  that  the  coupling  length  of  a Y- 


when  the  coupling  length  of  a uniform  DC  is  calculated  using  the  theories  of 

In  chapter  7.  the  analysis  of  a traveling-wave  eleetrode  is  implemented 
via  a transmission  line  approach.  Modulation  depth  is  a function  of  many 


frequency , source  impedance,  electrode  impedance . : 
time  difference  between  the  optical  and  RF  fie 
length.  Through  the  analysii 


e detailed  d< 


coupler  ia  preeented,  and  the  design 

la  chapter  9,  a block  diagram  of  an  optical 
switching  operation  of  the  Y-branch  optical  switch  is  presented, 
power  of  one  branch  as  a function  of  a normalized  voltage  is 

ratios,  and  tho  estimated  RF  bandwidths  are  illustrated. 

In  our  work,  we  have  designod  a Y-branch  direotional  conpl 
modulator  with  a traveling-wave  electrode  to  achieve  the  i 
switching  operation  inTiiLiNbOj.  By  employing  the  Y-branch  d 
coupler,  we  have  reduced  the  device  length  by  30*  in  eompariso 
conventional  uniform  directionol  coupler.  This  enabled 
device  with  a largo  bandwidth.  We  have  also  designed 

The  dc  test  showed  that  the  coupling  length  of  the  Y-direetional  coupler 
ly  wa*  about  3.25  mm.  The  switching  voltage  of  the  device  was  nearly  12.5  V 


gh- speed 


fabricated 


coupling  loQgths  of  1^  and  0.75 


switching  voltage  a 


emphasized  the  large  bandwidth,  the  device  of  0.75  1 wee  chosen  for  RF 
at  the  cost  of  having  a high  switching  voltage  and  a low  extinction  ra 
The  projected  bandwidth  of  the  device  is  about  23  GHz.  The  microwave 


CHAPTER 


EFFECTIVE  INDEX  METHOD  (HIM)  AND  EVALUATION  OF  ERROR 


Mathematical  approaches  to  the 
veguides  have  beeo  attempted 


e finite-difference  method,  tho  finite-element  method,  the  variational 
and  so  on.  In  1969.  Narcetili  presented  an  approximate  analysis  of 
otangnlar  waveguides  by  assuming  a simple  field  distribution  [31],  In  tho 

rectangular  waveguides  by  way  of  circular  harmonic  analysis  (32]  . Both 
e approximate  analytical  and  numerical  methods  give  reasonable  end 


* V(E.Vn2/n2)  4 k2.2E  - 0 


»«  ’ koN..'  V* 


The  EIM  essentially  uses  the  method  of  separation  of  verieblos  to  solve  the 
Helmholtz  equation,  assuming  that  the  givon  index  profile  con  be  written  as 
[37J 


Ej(y)E2U), 


E'(y)  E^(a) 

V?)  * E^TJ) 


direction.  Consider 


ie  an  effective  i 


r differential  w 


ef  Fig. 2.1c.  Therefore,  Eq.(2.4)  can  be  rewritten 


E^y)  <(u> 
Ejly)  Ej(i) 


k*[(a^(jr)  - »£)  * (n^(z)  * (£  - 1^)1  . 0 


By 


Eq.(2.S>  will  be 


E|(y) 

Ejlyl 


k*<nj(y)  - I?)  =0 


original 


CHAPTER  3 

IS  OF  GUIDED-WAVE  STRUCTURES 


s [39-421 . Analysis  c 


investigated  extensively  by  a numbe 

directional  coupler  can  be  carried  out  eitbor  by  the  normal  mode 
the  overall  coupler  or  by  the  coupled  mode  approach  of  t 

theory  in  case  of  weak  coupling  is  already  available  [411. 
coupling  case,  error  in  the  coupled  mode  approach  increases  [431. 

In  this  chapter,  the  eigenvalue  equations  for  a symmetric  coupler 

of  Airy  function.  We  assume  each  of  the  diffused  waveguides  oomprisii 
coupled  structure  to  hove  a Gaussian  index  profilo  in  the  depth  d 
and  a composite  error  function  index  profile  in  the  lateral  direct 
analyse  both  a single  channel  wavoguide  and  tho  symmetric  directional 
couplers  through  a combination  of  tho  effective  index  mothod  and  tho  WKB 
method  [1«1. 


In  a planar  waveguide  with  arbitray  index  profile,  the  equation  for  the 


s— 


~ sin(T*n/4)/Cn1'' 


Eqs.t3.4l,  wo  find  two  indopondent  connection  foraolao  relating  the  fields 


Two  Turning  Points  (Single  Channel  Waveguide) 


Fig. 3 .la. 


points  ocour  at  x^  and  with  oscillatory  behavior  in  the  region  II  and 


[sinA  sin(/  Qdx 


v/x2  [H(x)-b]1/2dx  - (n  + |)n  (3.1) 

This  eigenvalue  equation  can  be  applied  to  the  analysis  of  a single  optical 
waveguide  with  an  arbitrary  index  profile.  This  equation  ean  also  be 

ray  path  and  a phase  shift  of  nil  at  the  turning  point  1461. 

Tbo  Turning  Points  with  an  Index  Discontinuity  (Diffused  Planar  Waveguide) 


{Directional  Conpi er ) 


In  the  case  of  a guidod  node  in  a directional  coupler  of  Fig.3.1e,  wave 
function  is  of  oscillatory  behavior  in  rogions  II  and  IV,  and  of  evanescent 
behavior  in  rogions  I and  V.  In  region  III,  wave  fnnetion  is  a linear 
combination  of  exponentially  docaying  and  growing  waves.  Using  the 


IV:  Q ^ sinA  exp(-B)l  oosC  sinf/^4  Qdx+n/4)  - sinC  cost/  4 Qdx+n/4)] 

♦ 4Q  1/2cosAoxp(B)[sinCsin(/x40dx+n/4)  + eosCeosf/  4 Qdx-wt/4))  (3.10a) 

V:  P 1/JsinA  exp(-B)[  joosC  oxp<-/*^  Pdx)  - sinC  exp(/*  PdxlJ 

* P 1/2oosA  exp(B) [ 2sinC  exp (-/*  Pdx)  » 4eosC  exp(/'  Pdx)]  (3.10b) 


- C)1 


field  profile  established  in  Eqi 


condition  stipulated  by  Eqs.( 
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c directional  coupler.  (b)  Nornalired 
>3  length*  vs.  cornel itod  channel  gap 
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The  coefficients  a ore  the  some  as  given  in  Eq.(3.22).  Equation  (3.28)  is 
substituted  in  Eq.  (3.27)  and  the  resultant  eigenvalue  equation  (3.27)  is 


CHAPTER 


MODELING  OF  QUASI- TM  GRADED-INDEX  WAVEGUIDES 


a arbitrary  triangular  : 


151.521. 


rat.  wo  extend  tho  conventional  FDM  to  inelnde  variable 
h directions,  facilitating  the  application  of  the 


Secondly,  through  n judicial 


approximately  one  fourth  of  that  of  the  conventional,  uniformly  spaced  1 
tho  computing  time  is  considerably  reduced.  Obviously,  increasing 


ic  quasi- TO  mode  ci 


waveguide,  Che  quasi-TN  mode  is  much  smaller  in  size  and  farther  frcaa  the 


change  (An)  for  z-out  Ti-dif fused  LiNbO, 


attributed  to  the  fact 


he  assume  that  the  fields  are  polarized  perpendicular 


Fig. 4 .3 


h.  and  h.+1 


*♦  ' 2<Ei.J-  ‘j«>-  ' >W  ,En-  V 

Vl‘  Bi.J-  V ‘ W W ■ »!/n  * "M«E, 


s * Vi)Bi.jn  4 ni?i)Ei.t 

ui>i  * vViV> 


“ 2<j-r  Ei.j”(Vi+  V 


Formulating 


The  refractive  index  profile  for  a weakly  guiding  channel  weveguide  is 


' Vl,J*  «*.,«•  «1.J- 


E*.r  A*“°f 


Ei-  V V 


SaqoeBCiil  irriagcBenc 


o eigenvector  [BI  end  the  eigenvalue 
ad  NY“17  with  monotonically  increasing 


acing  toward  the  metal 


infinite  source  diffusion.  In  the  case  o 
necessary  to  deplete  the  finite  Ti  source  ( 

e depth  direction  [S3].  Base 


obtained  ii 


for  the  purpose  of  comparison. 

Tl  (finite  thickness)  is  j ust  depleted 

parameters  and  the  channel  width  ha 
waveguides  [12]  required 


gh  efficiency  T] 


switch.,  sad  modal o tors,  with  small  voltage-length  products.  Ho  minimum- 
modo-sizo  waveguides  with  low-loss  wore  fabricated  by  optimizing  the 
fabrication  parameters  (Ti  strip  thickness  of  800  A0  and  strip  width  of  4 


fused,  resulting  in  woak  guiding  and 


decreasing  Ti  thickness.  The  propagat 
shown  in  the  figure.  As  indicated  prev 


pleted)  and  1100  A°(infinite  source) 


dj*  ± «xp[-(5-^- S,2j 


*v  Si  I r r • V ■ ««d;>  * S'  i ■ - ...hJ-A  i 


Ti  STRIP  WIDTH  {pm ) 


Fij.4.7  (.!  Modal  aidth.  (b)  Modal 


lateral  direction 


reaulta.  Ho  value  dn/dc.  for  the  oxtordlnnry  alia,  is  assumed  to  be  0.625 
[13,14,54).  Ti  concentration  c(x,y)  la  expressed  as  a fraetion  of  that  of 


Comparison  of  the  calculated  results 


Therefore,  d = 3 .2  |la  and  d =3.2  |un. 


Gaussian  index  distribution 
di stribntion  agrees  well  wit 


infinite 


CHAPTER  5 

IE  ANALYSIS  AND  OVERLAP  I! 


The  efficiency  of 
electrodes  over  an  isotropic  elec 

as  veil  as  the  seni-inf inite 
rectangular  dielectric  waveguide 

spacing  and  the  relative  positio 

u [121. 


dopends.  in  part,  on  the  relative 
the  waveguides.  Tho  case  of  infinite 

rather  than  direotly  ub 
isotropic  substrate  w 


Conformal  Mapping  Technique  for  Electrode  Analysis 


.1  shows  the  placement  of  waveguides  and  cloctrod 

effect  is  neglected  in  the  analysis.  The  permittivity  tensor  is 
end  the  electrostatic  potential  fllx.y)  Is  a solntion  of  the  Li 


Fig.5 .1  (a)  Copleoir  etrip  (CS)  electrode 


o contiguous  points  c, 


cus tonary  to  solve  the  Laplsoo  equation  in  the  w-plane  instead  of  the  t- 


plane.  For  an  arbitary  width  of  the  strip  electrode  shown  in  Fig. 2,  we 
obtain  the  following  general  napping  function 


y arbitrary  point  ii 


procodure  from  the  original  s-plane  geometry  into  the  w-plane  [57-59]  i. 


1 x-plane  respectively. 


2K(k) 


? <£>  d*  * 


J2F(| 


■ j2K*  (lt> 


It. 


F(fl.k)  is  the  elliptic  integral  of  first  1 
elliptic  integral  of  F(8.k)  in  the  special 
of  the  elliptic  integral  function  and  k'  : 
Noting  that  r * b in  Eq.(5.3),  we  have 


conpleto 


Fig. 5.2, 
corrospondi 
impedance  Z . 


e complementary  function  o 
in  approximate  p 


ng  capacitance  C 


if*  «s» 


IRo<l->  * + + JIii(*)]dr 


concerned.  We  obt.in  the  seme  rosults  thronjh  Eq.(5.14)  but  ii 


o-infinito  olvctrodos 


w 


Fi».5.3 


indicate  a similar  tendency 


e directed  along 


. Tlie  amplitude  of  electric  field  components  in 
i also  plotted  for  t-cut  LiNbOj  substrate,  where 
' edge  of  one  electrode  Is  fixed  at  2 pm  and  out 
I no  feature  of  these  figures 

overlap  integral  factor  [ significantly. 


change  in  the  extraordinary 


electrodes  with  respect  to  the  position 
nr  what  tho  optical  field  profile  will 


an  externally 


e overlap  integral  f. 


is  defined  as 


Fi«.S.4 


e waveguide  c] 


I waveguides  f 


■o  evaluate  ai 


the  general  electrode  strueture,  we  need 
r J+  l'2  reprosonta  ( - The  subscripts  1 and 
1 and  2.  respectively.  Specifically, 
structures.  [ equals  If  y E^  is  the  optical  field  and  E^  the  modulating 

calculated  for  the  optical  field  profile  E (x,y)  of  channel  waveguide  1 


parallel  capacitors,  f is 


profile  E (x,y) . Fiold  analysis  I 
simulated  either  by  the  effective 
computational  methods.  Bowever,  it  i 
field  profile  of  tho  weakly  guiding 


ibout  the  guided  optical  field 
diffused  waveguides  is  easily 

mown  that  tho  fundamental  mode 
waveguides  can  approximately 
Hermite-Gaussian  function.  Using  this  approximation 
I profile  in  tho  optical  waveguide  located  beneath 


,(«.,)  Mr 


Therefore, 


point  of  overlap 


<b)  Overlap  integral  factor  r f 


COUH.ED  MODE  THEORY  Ft 


a DIRECTIONAL  COUPLER 


parallel  so  that  tho  fields  of  the  fun 


a.  t)  = A(z)El(z.y)  exp[j(iut  - PjZ>] 
*.t>  ■ B(z)E2(x,y)  expf j(ut  - p-z)) 


-jkjjOxpt j26x)A 


A = R exp(-j6z)  , 


dR/dl  - J6R  = -jkS 


The  schematic  diagram  of 


Con  pi  etc 


'o  introduce  the  variables  such  as 


coupling  length  and  t 


k - It/21  • (17 1 )<n/2L)  - y(n/2L)  (6.9) 

6 - dp/2  - (djlL/2) (n/2L)  - x(n/2L)  and  k'  ” r(n/2L) 


where  [M]  is  called  a transfer  matrix  and 


Fig. 6. lb.  From  Che  figure,  we  notice  that 


±1  “-2  'i<*2«»1/2i 


■*i  .nd  [if]  hive  the  f, 


Switching  diagram 


plotted  in  Fig.f 


The  Y-branch  directional  coupler  ia  llluatrated  In  Fig. 6. 3a.  Assuming 
that  the  coupling  section  of  a Y-branch  directional  coupler  has  exactly  the 
same  geometry  as  that  of  the  uniform  directionel  coupler,  the  launched  power 
will  be  divided  evenly  due  to  the  symmetry  of  the  ooupling  section. 


whore  r - (A|i/n)L.  y - 171  . r2-  x2*  y2. 

Complete  power  transfer  first  occurs  when  x = y - 1//2  (or  when 
6 ■ n/21c=  k,  k'w  /2k].  This  can  be  expressed  as 


1//2. 


This  important  result  of  a Y-branch  directional  coupler  is  one  of  the 
factors  in  achieving  a high-speed  and  a large  bandwidth. 


(a)  7-branch  dicoctioaal  coupler,  (b)  Switching  diagram 


directional 


e switching  diagram 
e,  when  y ■ 1//2",  we  not  only  h 
have  the  lowest  applied  voltage. 


illustrated  in  Fig. 6 


e shortest  coupling  length 


jn . 


dp  = n/(/Tly] 


As  defined  previously,  A0  i,  the  difference  of  the  props,. tion  eon. 
between  the  two  channels  of  tho  directional  coupler.  On  the  other 


overlap  integrals, 
channel  waveguides. 


v,w  " <AS)/(n3r33rtlc)  - OS)/(/5n3r33ftl  ) 


Ihe  switching  voltage  is  inversely  proportional 


coupling  length 


(3!  AFTER  7 

TRAVEL  IMS- WAVE  ELECTRODE  AND  MODULATION  DEPTH 


Calculations  of  the 


inf  ini  test  iaial  ly 


<b>  EjloivUeat  triorai.iion  I- 


configuration 


CHAPTER 


DESIGN  AND  FABRICATION 


Y-BRANCB  OPTICAL  MODULATORS 


Design  of  Y-branch  Couplers  and  Electrodes 


directional  coupler  and  its  corresponding 
t 700  A . The  diffusion  is  perforned  at 


coupling  length  of  the  device  was 


Fig. 8.1  (•)  Detailed  aeasaro  of  the  Y-bruoch  directionel  coupler 

(b)  Detailed  neascre  of  the  aeoi-inf iuite  CS  electrode 


solution  of  Eq. i 


Substituting  the  obtained  eigonvnluos 
3.  The  coupling  length  of  the  Y-bra 

S.  We  ftnelly  obtein  the  switching  voltsge  tram  Eq. 


fundamental  modes'  eigenvalues. 

.30),  we  have  the  coupling 


optical  waveguides  to  reduce  the  large  o- 
Traveling-wave  electrode  is  employed  t< 


large  bandwidth. 


s flexible  in  adjusting  tl 


electrode  width.  By  employing  a 


thickness  of  the  A1 


Tcichloroc thane  (ICE).  Acetone.  Mothanol  a 
of  700  A thickness  was  deposited  on  a 
□ deposition  of  Fig. 8 


photolithographic 


surface.  The  photolithographic  procedure 
le  tomperturo  was  rasped  fran  room  tem 
period.  The  patterned  Ti  ...  in-diffused 


to  process  diagram  i 
e large  optical  loss  thi 


s required  between 


optical  weaveguide 


Crystal 


TTioraal  evaporation 


deposition 


2.  Deposit  titanium 


Fig. 8. 3 Photolithographic  procedure 


Furnace  Sample 

°rt  We!  ty//////////77xs' 


Fiow  Meier  O.  Q,  i _ — = 

| 2 liter, mm  P~  r^-{°uar-  TuDe 


V/////////7/?>^  ^ 


Fig. 8. 4 DiigruB  of  diffusion  process 


ic  octal  electrode  [ 


has  a potential  problem  of  t 

an  orygion  atmosphere  (631  o: 

eliminate  such  possibility  ol 
the  SiO  film  [5.21. 64) . Is 


the  photoresist  lift-off  technique 


deposited  SiO,  film  using  KF  sputtering 
eakage  through  the  dielectric  buffer 

minuted  by  post-deposition  annealing  in 


: leakages  through  tl 


f technique  such  os  pro-  and 


t reproducible  es  mentioned  in  Elliott  C651 . 
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a oear-fiold 


Fij.S.J 


Fig. 9. 3 Measured 


equation,  we  can  estimate  the  expected  bandwidth  of  the  devil 
summarize  the  above  results  as  follows: 


Switching  voltage 
Extinction  ratio 
Expected  bandwidth 


view.  Theoretically , the 


deviation  could  have  bee 
length  by  the  effectiv 


index  method,  and  from  tho  orror  caused  by  ingnoring  the  presence  of  th 
SiOj  buffer  layer.  Experimentally,  there  are  aeveral  potential  points  whor 
errors  may  occur:  over-  or  under-dovel oping  of  the  photorosist.  and  over-  o 
under-etching  of  tho  Ti  pattern.  Even  with  a perfect  design  of  a device' 
interaction  length,  there  should  be  minor  coupling  at  tho  groduall 
branching-out  section  of  the  coupler's  output. 


com  premise  between  the  large  bandwidth  (high-speed), 
ratio,  and  the  high  switching  voltage.  Since 


switching  voltage  ai 


w extinction  r 


CHAPTER  10 

SUMMARY  AND  DISCUSSION 


In  designing  optical  modulators  and  switchos,  there  are  threo  factors 
that  determine  the  ultimate  performance  of  the  Ti- indif fused  LiNbOj 
modulators:  bandwidth  (high-speed),  switching  vol tage  and  extinction  ratio. 
It  is,  however,  diffuonlt  to  design  a practical  device  with  good  overall 
performance  in  all  of  the  three  parameters.  For  example,  the  bandwidth  oan 
be  improved  at  the  expense  of  switching  voltage  by  shortening  the  coupling 
length  of  the  device.  Shortening  the  coupling  section  is  achieved  by 
reducing  the  electrodes  gap,  which  in  turn  degrades  the  extinction  ratio. 


Therefore,  there  needs  to  be  trade-off  to  produce  a 


particular  aspect. 

»r  (DC) , Mach-Zehnder  intorometer. 


the  alternating  AS  DC, 


s coupling  length  i 


e travel ing-wavo  olectrodes. 


Reduction  of  tho  coupling  length  is  very  advantageous  in  achieving  high- 
speed operation.  This  is  the  main  reason  why  we  selected  this  type  of 


developed  several  analytical  and  numerical  methods: 


arbitrarily  graded-ii 


directional  couplers  2)  2-D  finite  difference  method 
end  model  ins  of  waveguides  3)  conformal  mapping 


pod  theories  and  numetical  techniques  above,  Y-branch 
1 modulators  using  traveling-wave  electrodes  were 

ial  properties  of  LlNb03  and  GaAs  were  compared 
high-speed  optical  modulation.  Several  factors 
e el ecro- optic  effect,  and  the  velocity  mismatch 

tver,  hard  to  conclude  which  materiol  is  superior 
ie  in  a better  position  from  the  viewpoint  of  optical 

the  effective  index  method  (EZM)  end 
ally  near  the  cut-off  region.  The 


1 eigenvalue  equations  ol 


KB  theory  were  derived 
x directional  couplers. 


ITio  theory  is  utilized  for  tho  coupling  length  eolculations  of  directio 
In  Chapter  4.  nonuniforeily  discretized  2-D  FBM  was  developed  to  mode 


flexible  discratizstion  enabled  us  to  pu' 
guiding  region  with  a limited  number  of  grid 
sliced  minutely,  while  the  region  outside  wi 


modeling,  diffusion  lengths  in  lateral  and  depth  d 
extracted  to  fit  experimental  results  of  mode  profiles. 

static  electric  field  distribution  generated  by  the  applied  voltage  on 
eleotrodes.  The  method  was  powerful  in  that  the  field  analysis 
applicable  even  to  the  general  cases  of  anisotropic  materials.  T 
analytical  procedures  were  applied  to  find  an  optimal  ovorlap  intcgr 
between  the  modulating  RF  electric  field  and  the  propagating  optical  fiel 
For  the  CS  electrodes,  the  maximum  overlap  integral  occurred  when  th. 

Ti  strip  prior  to  tho  diffusion. 

derived  in  the  normalized  form  relating  both  input  port  and  output  p 
the  device.  The  coupling  length  of  the  Y-branch  directional  coupler  w 


. The  feet  thet  the  coupling  length  of  t 

In  Chapter  7.  neve  behavior  in  a traveling 

modulation  depth  ia  a function  of  source  impedance 
coupling  section,  load  impedance,  optical  and 
coupling  length  and  microvave  frequency.  The 
modulator  could  be  predicted  through  tho  analysis 


electrode  was  analysed  t 


d theoretical  analyses 
obtained,  we  designed  a T-branch  directional  coupler  LiNbO  optioel 
modulator  with  a traveling-wave  electrode.  We  employed  the  traveling-wave 
electrode  of  a semi-infinite  coplanar  strip  (CS)  in  order  to  achieve  high- 
speed switehing  operation.  The  fabrication  procedure  for  the  deeigned 
optical  modulators  ore  described  in  detail. 

presented.  Using  the 

. waveguide  were  first  measured. 
10  T-bronch  directional  coupler  is  basically  a lr2  self  biased  switch 
thout  any  applied  voltage,  the  output  field  profiles  of  the  two  arms  of 

o switching  operation  were  successfully  confirmed. 

There  were  many  obstacles  in  performing  the  several  steps  of  fabrication, 
have  experienced  two  especially  troublesome  steps:  depositing  the  SiOj 
ffer  layer  using  E-boam  technique,  and  a 


lift-off  technique.  Three  treys 
"to  chemical  vapor  depositioi 
spattering.  We  fin 
Si(>2  layer.  Even  if  t 


(LPCVD) , eleci 


nrd  tho  Si02  sou. 


phenomenon  happened  repetitively,  we  gave  up  trying  this  technique  end 
changed  to  the  RF  sputtering  techniqne.  The  deposition  rate  depended  on 

power.  The  deposition  rate  was  kept  at  around  35  A°/min.  by  controlling  e 
chamber  orifioe.  The  deposited  SiOj  were  very  stable  and  the  samples  wero 
tove  the  possibility  of  s charge 


iff  technique  was  used  first.  In  this  technique,  a 

ing  parameter  in  the  lift-off  technique  such  as  pre- 
DV  exposure  intensity,  exposure  time,  and  developing 
nt  in  achieving  a clean  A1  pattern.  The  etching 


the  actual  coupling  length  1 
s theoretically  estimated  v 


discrepancy  between  tho  calculated  coupling  length  and 
can  be  attributed  to  both  theoretical  and  experia 
theoretical  calculation,  the  deviation  might  be  oa 
calculating  the  coupling  length  by  the  effective  index 
error  caused  by  ingnoring  the  presenco  of  the  SiO^  b 


procedure  in  experiment.  Tho  potential  causes  in  experiment  are  over-  or 
under-developing  of  the  photoresist,  and  over-  or  under-etching  of  the  Ti 

the  same  time,  which  affect  a strong  influence  on  the  actual  coupling 
length.  Even  with  a perfect  design  of  a device's  interaction  length,  some 

coupler's  output. 

In  testiug  the  dc  switching  operation,  applied  voltage  oi 

For  the  device  of  0.75  ly,  Tho  switching  voltago  a 
were  20  V and  13  dB,  respectively. 

was  made  at  the  cost  of  Increasing  the  switching  voltage  and  lowering  the 
extinction  ratio  since  we  emphasised  the  high-speed  modulation.  The 
he  device  of  0.75  1 is  23  GHx,  while  that  of  the 


APPENDIX 


CONFORMAL  HAPPING  FUNCTIONS 


Inserting  the  conditions,  a ♦ d = 0 nod  b + e ■ 0 into  Eqs. 


* is  the  eleotrode  width  end  S is  the  gap  between  the  electrodes.  »o  can 
verity  that  Eqs.(A.2)  can  be  rewritten  into  equivalent  foras  by  use  of  the 
elliptic  function  Identity. 


Semi-Infinite  Electrodes  (d  = - w,  c = 0) 


Dividing 


Two-Infinite  Electrodes  (i 


Dividing  the  numerator  end  denominator  o: 


j2K(l) 


s 


^E(r.t)  - EU.t)  = „-^lAP<r. , 


t)  - £ 


.her.  ■_(.) 


+ * ■4Fm(tilBaU)U,>m*  - M-4lAP(r.t)]  (B.6) 


**!.  *.«*.«• 


<x).j 


-I™-*'- 


A'- 


jK.' - ,jjJ/ 


n2(x)  t 


Fij.B.l 


Refractive  ii 


' 1 + B<rm<r>(n2(i)-u£(r>)e  JP2'l 


.)  reduces  to  two  separate  equations. 


•5/  AP(r.  t)EX(x)dx 


Note  that  the  coupler  amplitude  A(r)  and  B(z)  r< 
fonaul ating  Eqs.(B.14).  Substitution  of  Eq.CB.l 


)-n^(r))El(z)E2(r)dr 


)-nJ(x)]El(i)EJ<x)dr 


J / In  <x)-nJumEl(*)]Jd 


-J2  I ln2(x)-i^(x)]IE2(j)J21ix 


negligible. 


where  Aft  - p^-  pj. 
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